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論 文 内 容 要 旨          
Methane Fermentation of Food Waste and Sewage Sludge by Using a Hollow Fiber Type Anaerobic Membrane 
Bioreactor
Food waste (FW) was defined by the Food and Agriculture Organization (FAO) as food that lost or wasted throughout the 
supply chain, from initial agricultural production down to final household consumption, including fruits, vegetables, fishes, 
meats, bakery and dairy products. Food waste is abundant: one-third of food produced for human consumption is lost or 
wasted globally, which amounts to about 1.3 billion tons per yea. As an output of wastewater treatment plant, sewage sludge is 
a critical biologically active mixture of water, organic matter (derived from human wastes, food wastes, etc.), dead and alive
microorganisms (including pathogens), and inorganic and organic toxic contaminants. FW and sewage sludge contain a large 
amount of easily biodegradable organic matter, so the available disposal options are various, from landfill, incineration to 
composting and anaerobic digestion. Among them, anaerobic digestion (AD) has been widely recognized as an economic and 
environmentally friendly solution because it helps to reduce the volume of organic waste while keeping small sludge 
production and recovering energy.
Despite the many merits of anaerobic digestion, there exists some obvious problems: poor system stability and effluent 
quality, and low reactor efficiency. For instance, the large capacity tanks were required to hold slow growing methanogenic 
bacterial due to the long hydraulic retention time in AD. The retention of slow growing anaerobic biomass was another 
challenge in AD. To improve system stability and effluent quality, as well as upgrade digestion efficiency, an anaerobic 
membrane bioreactor (AnMBR) was applied to treat FW and sewage sludge in this study. AnMBR is increasingly being 
researched as a cost-effective alternative to produce nutrient rich, solids free effluent, a high biogas production rate while 
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amount of easily biodegradable organic matter, so the available disposal options are various, from landfill, incineration to 
composting and anaerobic digestion. Among them, anaerobic digestion (AD) has been widely recognized as an economic and 
environmentally friendly solution because it helps to reduce the volume of organic waste while keeping small sludge 
production and recovering energy.
Despite the many merits of anaerobic digestion, there exists some obvious problems: poor system stability and effluent 
quality, and low reactor efficiency. For instance, the large capacity tanks were required to hold slow growing methanogenic 
bacterial due to the long hydraulic retention time in AD. The retention of slow growing anaerobic biomass was another 
challenge in AD. To improve system stability and effluent quality, as well as upgrade digestion efficiency, an anaerobic 
membrane bioreactor (AnMBR) was applied to treat FW and sewage sludge in this study. AnMBR is increasingly being 
researched as a cost-effective alternative to produce nutrient rich, solids free effluent, a high biogas production rate while 
occupying a small footprint. Firstly, membrane retains the slow-growing methane production bacteria, thus methane 
production rate and efficiency could be greatly improved. Secondly, the digester volumes can be scaled down to 1/3 to 1/5 of 
the conventional digesters due to the separation of SRT and HRT. Thirdly, methane fermentation inhibitors, such as ammonia 
are filtered out with the permeate. This makes the AnMBR process very stable. Last but the least, effluent quality could be
improved, as more than 80% of TS and COD was reduced, which helps to further treatment of ammonia and phosphorus.
Despite the many advantages of AnMBR, membrane fouling remains the critical obstacle restricting its widespread 
applications. Unlike the aerobic MBR, which typically operates with high permeate fluxes, in the range of 20-30 LMH, the 
high sludge concentrations and non-settleable matter presented in AnMBR lead to a greater fouling propensity and limit the 
sustainable permeate flux. Hence, the effect of permeate flux on the AnMBR is particularly important.
We focus on reducing the amount of FW and sewage sludge and recovery energy from the waste in this study. Long-term 
continuous performance of a HF-AnMBR in treating high strength food waste slurry and sewage sludge were evaluated. The 
main objectives of this long-term continuous experiment are to: (1) investigate the effect of OLRs on the hollow fiber type 
AnMBR, looking particularly at biogas production, degradation efficiency and system stability, with the aim to determine the 
optimal OLR; (2) investigate membrane fouling mechanism for high-strength food waste slurry treatment; (3) compare 
treatment performance of HF-AnMBR with CSTR and SAR. The results are expected to contribute to the comprehensive 
understanding of the feasibility of AnMBR in treating high strength FW slurry and sewage sludge.
In the first study in this dissertation as shown in chapter 3, the effects of organic loading rates (OLRs) on methane 
fermentation of food waste were comprehensively evaluated using a hollow fiber type anaerobic membrane bioreactor 
(HF-AnMBR). The HF-AnMBR was operated at five OLRs, 2.43, 4.86, 7.29, 9.72 and 14.58 g-COD/L/d by shortening the 
HRT from 30 to 5 days. at OLR of 2.43, 4.86, 7.29 and 9.72 g-COD/L/d, the biogas production rates were 1.31 ± 0.20, 2.42 ± 
0.25, 3.60 ± 0.25, and 4.60 ± 0.40 L/L/d, respectively. The corresponding methane yields were 0.33 ± 0.05, 0.30 ± 0.03, 0.29 ± 
0.02 and 0.28 ± 0.02m3-CH4/kg-CODre, respectively. pH in the reactor remained around 7.2. CH4 and the CO2 content of the 
biogas was stable, in the range of 58–61% and 38–40%, respectively. With the aid of hollow fiber membrane microfiltration, 
the HF-AnMBR achieved superior effluent quality and organic matters removal efficiency at stable stage. COD, carbohydrate 
and protein in the effluent were at a very low concentration, and were stabilized in the range of 0.25–0.51 g/L, 0.01–0.05 g/L 
and 0.11–0.22 g/L, with an average of 0.43 ± 0.1, 0.03 ± 0.01 and 0.16 ± 0.1 g/L, respectively. The corresponding removal 
efficiency were as high as 99.3 ± 0.03%, 99.8 ± 0.1% and 98.5 ± 0.5%. Compared to other OLRs, biogas production rate was 
highest at the OLR of 9.72 g-COD/L/d, the organic matter removal efficiency was also significantly higher and VFA was in 
lower concentration. The COD mass balances of HF-AnMBR were calculated during the stable period at each OLR. 
Assuming the COD supply was 100%, the COD output was based on the calculation of the ratios of COD converted into 
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methane, the COD for both sludge multiplication and sludge discharge, and the COD residual in the effluent. Results shown 
that COD conversion efficiency was as high as 92.9%, 85.3%, 82.6% and 80.4% at OLRs of 2.43, 4.86, 7.29 and 9.72 
g-COD/L/d, respectively. In this study, TMP was monitored and membrane resistance was calculated in order to determine the 
fouling mechanism. Results shown that the major membrane fouling was caused by organic pore blocking, followed by the 
cake layer fouling and then the inorganic fouling, accounting for 59.6%, 25.0% and 2.0% of the total hydrolysis resistance, 
respectively. The performance of HF-AnMBR was compared with a continuously stirred tank reactor (CSTR) and a 
self-agitated reactor (SAR). The results showed that the HF-AnMBR achieved higher optimal OLRs, at 9.72 g-COD/L/d, than 
the CSTR, which had an optimal OLR of 6.59 g-COD/L/d. Besides, the COD conversion efficiency of the HF-AnMBR were 
higher than 80% (80.4–92.9%) at the stable stage while those of the CSTR were in the range of 75–78%. Moreover, the COD 
concentration in the effluent was much lower in the HFAnMBR, at 0.25–0.51 g/L, whereas the CSTR effluent was in the range
of 14–20 g/L. As to SAR, the COD conversion efficiency were much lower (79.4–85.5%). The COD concentration in the 
effluent was in the range of 20–30 g/L, almost 100 times that in the HF-AnMBR. The higher operation OLRs, COD 
conversion efficiency and better effluent quality achieved by the HF-AnMBR are evidences of a significant improvement in 
reactor performance compared to CSTR and SAR.
In the second study of the dissertation, membrane operation modes were optimized by applying different filtration-relaxation 
cycle and instantaneous flux. Different operation parameters were applied with a permeation time of 3 minutes and the 
relaxation time decreased from 12 minutes to 1 minute for different sludge concentrations. To compensate for the loss of 
permeate caused by relaxation, a specific high instantaneous flux of 12 LMH was applied. The average fluxes increased from 
2.4±0.3, 3.0±0.3, 4.0±0.2, 6.0±0.3 to 8.6±0.4 LMH with the decrease of relaxation time from 12 minutes to 1 minute. Then 
instantaneous flux was further increased from 12.0±0.6 to 19.0±0.6 LMH at 3 minutes of permeation and 1 minute of 
relaxation mode. Results showed that the optimal filtration-relaxation cycles were 3 min of filtration and 1 min of relaxation, 
for sludge concentration of 15 and 20 g-TS/L, and 3 min of filtration and 6 min of relaxation, for sludge concentration of 25 
g-TS/L. The correspond net flux were 10.1±0.3 and 9.3±0.2 and 4.0±0.2 LMH. 
Besides, membrane fouling mechanism was investigated. A continuous experiment was divided into three stages (Ⅰ Ⅱ Ⅲ). 
The study focused on the effects of permeate fluxes on membrane fouling distribution during stage Ⅰ and stage Ⅱ. When the 
cumulative permeate volume per membrane area reached 5.8 m, the overall hydraulic resistance (RT) were 2.0×1012/m and 
5.7×1012/m, at the end of stage Ⅰ and stage Ⅱ, respectively. Among the total resistance, Rc, Rorg, Rinorg and Rirreversible were 
5.1×1011/m, 1.2×1012/m, 4.0×1010/m and 1.5×1011/m, respectively and 3.8 ×1012/m, 1.4×1012/m, 1.2×1011/m and 2.8×1011/m, 
respectively. The results indicated that organic fouling was the dominant fouling at the low initial fluxes, whereas, cake layer 
governed the fouling with the increase of flux. In order to better understand the similarity and difference among membrane 
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for sludge concentration of 15 and 20 g-TS/L, and 3 min of filtration and 6 min of relaxation, for sludge concentration of 25 
g-TS/L. The correspond net flux were 10.1±0.3 and 9.3±0.2 and 4.0±0.2 LMH. 
Besides, membrane fouling mechanism was investigated. A continuous experiment was divided into three stages (Ⅰ Ⅱ Ⅲ). 
The study focused on the effects of permeate fluxes on membrane fouling distribution during stage Ⅰ and stage Ⅱ. When the 
cumulative permeate volume per membrane area reached 5.8 m, the overall hydraulic resistance (RT) were 2.0×1012/m and 
5.7×1012/m, at the end of stage Ⅰ and stage Ⅱ, respectively. Among the total resistance, Rc, Rorg, Rinorg and Rirreversible were 
5.1×1011/m, 1.2×1012/m, 4.0×1010/m and 1.5×1011/m, respectively and 3.8 ×1012/m, 1.4×1012/m, 1.2×1011/m and 2.8×1011/m, 
respectively. The results indicated that organic fouling was the dominant fouling at the low initial fluxes, whereas, cake layer 
governed the fouling with the increase of flux. In order to better understand the similarity and difference among membrane 
foulants and bulk sludge, particle size distribution (PSD) analysis were carried out. Multimodal curves were observed for both 
sludge suspension and supernatant, and there was no big difference between samples in stage Ⅰ and stage Ⅱ. A trimodal curves 
with predominant peaks in the range of 0.3-1.0 μm were observed for the supernatant. This indicated the three populations of 
flocs were maintained in supernatant, two microflocs, in the range of 0.3-1μm, 1-10μm, and a dispersed one in the range of 
10-1000μm, which might be related with SMPs, BPCs and undegraded food waste or sludge flocs, respectively. The same floc 
size distribution and cumulative permeate (filtration) volume contributed to the similar organic irrecoverable fouling of stage Ⅰ 
and stage Ⅱ. In order to obtain a more comprehensive analysis of foulants in the hydraulically reversible fouling layer, 
three-dimension excitation/emission spectroscopy was applied for characterizing the external cake sludge and internal cake 
sludge. Five regions of EEM (excitation/emission) spectra were divided including region Ⅰ (Ex/Em:220-250/280-330 nm, 
aromatic protein), region Ⅱ (Ex/Em:220-250/330-380 nm, aromatic protein), region Ⅲ (Ex/Em:220-250/380-480 nm, fulvic 
acid-like components), region Ⅳ (Ex/Em:250-440/280-380 nm, SMP) and region Ⅴ (Ex/Em:250-440/380-540 nm, humic 
acid-like components). The main excitation/emission wave lengths for cake layer were observed at around 230/335 nm and 
280/340 nm suggested the main external organic foulants were aromatic protein and SMP. Specially, among all the foulants, 
SMP played as dominant important role as protein in cake layer fouling in FW slurry treatment at high sludge concentration in
this study. 3D-EEM and FRI analysis demonstrated that the organic compound of membrane foulants were quite different from 
that of bulk sludge.
In the third study of the dissertation, the co-digestion was applied to improve methane fermentation of FW and sewage 
sludge. The FW to sewage sludge ratios were 100% to 0, 75% to 25%, 50% to 50% and 25% to 75%. As a result, stable 
performance of biogas production was achieved in the long-term operation. The process achieved high organic removal 
efficiency as well as low VFA accumulation. In order to increase sustainable flux for the co-digestion mixed liquor, membrane 
operation modes were optimized at FW to sewage sludge ratio of 50% to 50%. The results shown that the optimal operation 
modes for TS 30, 25, 20 and 15 g/L were 3 min filtration and 1min relaxation, 5 min filtration and 1minute relaxation, 9 min 
filtration and 1min relaxation, and 9 min filtration and 1minute relaxation. The corresponding net flux were as high as 9.0±0.5, 
13.5±0.3, 20.7±0.6 and 21.6±0.4 LMH, respectively.
AnMBR is drawing increasingly attention for its potential to treat different wastewater streams due to its merits: the 
separation of HRT from SRT, preventing the wash-out of slow growing methanogens, and producing effluent with excellent 
quality. However, there still exists the major problem: membrane fouling. That is the rapid permeate flux decline over operation 
time or the sharp transmembrane pressure increase. Based on the study of AnMBR in treating FW and sewage sludge, the main 
conclusions were as follows: (1) significant improvement on methane fermentation was achieved by HF-AnMBR compared 
with the CSTR and SAR; (2) the optimal filtration-relaxation cycles for FW treatment were 3 minutes of permeation and 1 
－ 555 －
minute of relaxation, for sludge concentration of 15 and 20 g-TS/L and 3 minutes of permeation and 6 minute of relaxation, for 
sludge concentration of 25 g-TS/L, and the correspond sustainable flux were 10.1±0.3 and 9.3±0.2 and 4.0±0.2 LMH; (3) the 
membrane autopsy results demonstrated that the SMP played as important role as protein in cake layer fouling in FW slurry 
treatment at high sludge concentration condition; (4) the co-digestion of FW and sewage sludge by AnMBR process achieved 
high organic removal efficiency, low VFA accumulation as well as high sustainable flux.
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